Recent advances'-3 in the understanding of genetic recombination at the molecular level in bacteriophage prompted the examination of the enzymatic mechanism responsible for these events. The breakage-rejoining hypothesis of genetic recombination2 by definition invokes two distinct events, i.e., breakage followed by a rejoining event. Since various nucleases have been described which could account for the fragmentation of DNA, it was decided to search instead for an activity that might explain the rejoining of DNA fragments. The E. coli T-even phage system was selected for examination since the phenomenon of fragmentation and recombination of parental T2 and T4 DNA has been well described.4-6 The following is a report of an enzymatic activity identified' in extracts of T2-infected E. coli that is capable of catalyzing the incorporation of radioactivity from oligodeoxyribonucleotides into polydeoxyribonucleotides in the presence of a DNA acceptor. This activity is tentatively referred to as oligodeoxyribonucleotide transferase.
Recent advances'-3 in the understanding of genetic recombination at the molecular level in bacteriophage prompted the examination of the enzymatic mechanism responsible for these events. The breakage-rejoining hypothesis of genetic recombination2 by definition invokes two distinct events, i.e., breakage followed by a rejoining event. Since various nucleases have been described which could account for the fragmentation of DNA, it was decided to search instead for an activity that might explain the rejoining of DNA fragments. The E. coli T-even phage system was selected for examination since the phenomenon of fragmentation and recombination of parental T2 and T4 DNA has been well described.4-6 The following is a report of an enzymatic activity identified' in extracts of T2-infected E. coli that is capable of catalyzing the incorporation of radioactivity from oligodeoxyribonucleotides into polydeoxyribonucleotides in the presence of a DNA acceptor. This activity is tentatively referred to as oligodeoxyribonucleotide transferase.
Materials and Methods.-(a) Isolation and partial purification of oligodeoxyribonucleotide transferase: Three hundred liters of synthetic medium8 were inoculated with 1 liter of an overnight peptone broth9 culture of E. coli B and grown to a titer of 2 X 108 cells/ml (7 hr) at 370 and infected with 2.4 X 1014 T2r+ phage (multiplicity of 4). Twenty min after infection, 100 liters of frozen medium were added and the infected cells collected by centrifugation using a Sharples refrigerated centrifuge. The packed cells (700 gm) were suspended in 2 liters of 0.2 M KPO4 buffer, pH 7, and disrupted with a Gaulin laboratory homogenizer (model 15M-8BA). Unbroken cells and debris were removed by centrifugation at 13 Kg for 20 min, and the supernatant was applied to a DEAE-PO4 column (10 X 45 cm) which had been equilibrated with 0.2 M KPO4 buffer, pH 7.10 The acid-insoluble polynucleotide was retained by the column, and 90% of the protein applied was recovered when the column was washed with the equilibrating buffer. The recovered protein (Fraction 1), free of polynucleotide, could be stored in the freezer at -20°for several months without loss of transferase activity. Solid ammonium sulfate was added to Fraction 1 (2400 ml) to 25% saturation and the mixture was allowed to stand at 00 for 4 hr, after which the precipitate was removed by centrifugation (13 Kg, 40 min). Solid ammonium sulfate was added to the supernatant to 100% saturation and the mixture placed at 0°overnight. The precipitate formed was collected by centrifugation (13 Kg, 40 min) and fractionated by back-extraction with ammonium sulfate. The precipitate was first suspended in 1 liter of 2.1 M ammonium sulfate containing 0.2 M KPO4 buffer, pH 7, and stirred for 20 min at 00. The suspension was then centrifuged (13 Kg, 40 min) and the supernatant discarded. The precipitate was suspended in 1 liter of 1.7 M ammonium sulfate containing 0.2 M KPO4 buffer, pH 7, and stirred for 20 min at 00. After centrifugation (13 Kg, 40 min) the precipitate was discarded and the supernatant protein recovered by the addition of solid ammonium sulfate to 100% saturation. After centrifugation the precipitate was taken up in 100 ml of 0.1 M NaCl and dialyzed against 0.1 M NaCi for 10 hr at 40 (Fraction 2).
(b) Preparation of PI-labeled T2 phage-DNA: One liter of synthetic medium8 was inoculated with 25 ml of an overnight culture of E. coli B in peptone broth9 and 50-80 mc of carrier-free P3204. The culture was incubated at 370 for 3 hr and then infected with T2r+ phage at a multiplicity of 0.1. Lysis occurred 8-12 hr after infection. The lysate was centrifuged at 4 Kg for 20 min to remove debris, and the supernatant was applied to a DEAE-Cl column'1 (2.6 X 40 cm) which had been equilibrated with 0.1 M NaCl containing 0.1% gelatin. This assay measures the transfer of label from P32-labeled oligodeoxyribonucleotides to an acceptor polydeoxyribonucleotide such as sonicated T2 DNA. The assay depends on the ability of DEAE-cellulose to distinguish between differences in polynucleotides on the basis of chain length'4 and the use of urea to overcome secondary binding forces between small polymers and cellulose ion exchangers."-Under the conditions used (0.5 M NaCl containing 2 M urea), 99.5% of a DNase I limit digest of T2 DNA, with an average nucleotide chain length of 21, was eluted from a DEAE paper disk in 30 min, whereas 70-80% of the sonicated P32-labeled T2 DNA was retained by the paper. The standard assay reaction mixture (0.5 ml) contains 25 ,umoles of Tris-Cl buffer, pH 9, 5 ,umoles of MgCl2, 0.5 ,moles of ATP, 100 Mumoles of ammonium chloride, 40 jg of sonicated T2 DNA, 10-50 miumoles of P3-labeled oligodeoxyribonucleotide-P, and 10-1000 jg of protein. In some experiments an ATP generating system was added, consisting of 5 ,umoles of creatine phosphate and 5 uig of phosphocreatine kinase. The reaction mixture was incubated at 370 and 50-Ml aliquots were withdrawn at measured intervals and applied to Whatman DEAE filter paper (DE 81) disks, 2.3 cm in diameter. The disks were washed in a 2-liter bath of 0.5 M NaCl containing 2 M urea with intermittent stirring for 30 min at room temperature. The disks were then washed in 5% TCA for 30 min at 00, 10 min in absolute ethanol, 10 min in ethyl ether, and dried at room temperature.
The disks were then transferred to planchets or scintillation vials for counting.
(ii) DNA polymerase: This assay measures the incorporation of tritium labeled deoxyadenosine 5'-triphosphate (Schwarz BioResearch, Inc.) into an acid-insoluble product. The incubation mixture (0.3 ml) contained 20 jumoles of glycine buffer, pH 9.2, 2 umoles of MgCla, 10 IAmoles of each of the four deoxyribonucleoside 5'-triphosphates, 4 mjumoles of tritium-labeled deoxyadenosine 5'-triphosphate, 12.5 ,ug of "activated DNA," 1 and 5-10 ,g of protein.
The reaction mixture was incubated at 370, and 50-,lA aliquots were withdrawn at measured times and applied to Whatman 3MM filter paper disks, 2.3 cm in diameter. The disks were processed according to the method of Bollum17 to remove the acid-soluble precursors, leaving the product on the disk which was then counted in a Packard Tri-Carb liquid scintillation spectrometer.
(iii) Deoxyribonuclease: This assay is similar to that of Lehman'8' 19 and measures the conversion of DNA labeled with p32 to acid-soluble products. The substrate DNA was either native or heat-denatured P32-labeled E. coli DNA depending on whether endo-or exonuclease activity was to be measured. Two reaction mixtures were used: (1) containing in 0.5 ml, 30 Mmoles of glycine buffer, pH 9.2, 3 Mmoles of MgCl2, 50 m~tmoles of heat-denatured DNA-P labeled with p32, and 10-1000 ,ug of protein; and (2) containing in 0.5 ml, 30 Mumoles of Tris-Cl buffer, pH 7.5, 3 ,umoles of MgCl2, 50 nuimoles of native P3'-labeled DNA-P, and 10-1000,g of protein.
The reaction mixtures were incubated at 370, and 5(-jil aliquots withdrawn at intervals and applied to Whatman 3MM filter paper disks, 2.3 cm in diameter. The disks were immediately washed in 5% TCA at 00 for 30 min according to the method of Bollum'7 to remove acid-soluble products. After washing in ethanol and ethyl ether the disks were dried for counting.
(e) Other Methods: As substrate for the assay of deoxyribonuclease, DNA labeled with p32 was prepared from E. coli B cells grown on synthetic medium8 supplemented with P3204. Similar experiments were performed in which the label was introduced as p32. labeled inorganic phosphorus or as a mixture of the four P32-labeled 5'-deoxyribonucleotides in the presence of unlabeled oligodeoxyribonucleotide and acceptor sonicated T2 DNA. In neither case was there significant incorporation of label into the acceptor polynucleotide or any other acid-insoluble product. It thus appears that the p32 label is being transferred as oligodeoxyribonucleotide, and not at the level of inorganic phosphorus or deoxyribonucleoside phosphate.
Polydeoxyribonucleotide acceptor: Sonicated T2 DNA is routinely used as an acceptor polymer. Sonication is not absolutely essential but does increase the relative accepting ability by 25 per cent and allows the acceptor to be handled at high concentrations with ease. Preparations of DNA from other organisms have been substituted for T2 DNA as acceptor polymers. Sonicated T2 DNA is at least twice as effective as an acceptor as either native or sonicated DNA tially purified as illustrated in Table 2 .
ability. The assay conditions were as The product isolated contained 12. and exhibited the following characteristics during purification: (1) acid insolubility, (2) solubility in hot 2 M NaCl, (3) ethanol insolubility, and (4) nondialyzability. The purified product was then subjected to several conditions for further characterization (Table 3 ). The product was found to be sensitive to attack by pancreatic DNase I and snake venom phosphodiesterase, 95 per cent resistant to digestion with bacterial alkaline phosphatase and insensitive to alkaline VOL. 52, 1964 BIOCHEMISTRY: C. G. MEAD 1487 conditions capable of degrading RNA. These properties are consistent with the proposed nature of the product, i.e., a polynucleotide chain resulting from the condensation of a P32-labeled oligodeoxyribonucleotide with an unlabeled polydeoxynucleotide through phosphodiester linkages. 25 Discussion.-An enzymatic activity that functions in a manner consistent with the proposed condensation of polymers is present in extracts of E. coli cells infected with T2 phage. The reaction requires an energy source (ATP), Mg++ ion, and is influenced by the secondary structure of the acceptor polymer. Although the manner in which the PI2 label is transferred from the oligodeoxyribonucleotide substrate to the polydeoxyribonucleotide acceptor has not been determined, it is clear that the transfer does not take place at the level of inorganic phosphorus or deoxyribonucleoside 5'-mono-, di-, or triphosphate. DNA polymerase does not appear to be involved in the reaction since the transferase can be partially separated from DNA polymerase by ammonium sulfate fractionation and completely separated from the residual DNA polymerase by phosphocellulose column chromatography. In addition, the DNA requirements of the transferase reaction are quite different from that of the polymerase reaction. Although sonicated DNA is superior to unsonicated DNA as primer (after heat denaturation) for DNA polym-erase,22 the preferred secondary structure of the primer DNA for DNA polymerase and of the acceptor DNA for oligodeoxyribonucleotide transferase appear quite different. Heat-denatured DNA is the preferred primer and probably the only true functional primer for the T2-induced DNA polymerase"6 and calf thymus DNA polymerase,'7 whereas both heat-denatured and native DNA are equally as effective as primer for the E. coli DNA polymerase.2' In contrast unheated DNA is more than three times as effective an acceptor for the oligodeoxyribonucleotide transferase as heat-denatured DNA.
It is attractive to associate this activity with the observed fragmentation and recombination of parental and progeny phage DNA described by Kozinski et al.; 5, 6 however, such speculation must await further experimentation. Preliminary data have been obtained that indicates the involvement of at least two enzymes in the reaction. The partially purified enzyme (Fraction 2) can be separated into two fractions by gel filtration, both of which are necessary for activity. It has further been established that these two fractions act in a sequential manner. These experiments will be described in detail in a subsequent publication. 
